The mitochondrlal DNA of the bowfin fish and each of two species of treefrogs displays large-scale size variation. Within each species, mltochondral genomes span more than a 700 base pair range, and the size polymorphism Is localized to one portion of the genome. In addition, about 5 percent of the total 357 Individuals surveyed were observed to carry two size classes of mtDNA. These findings are among the few documented Instances of extensive within-species mtDNA size polymorphism and Individual heteroplasmy, and constitute exceptions to previously reached generalizations about the molecular basis of mtDNA variation.
Two general conclusions from these earlier works are relevant to this report. First, most intraspecific mtDNA variation is due to base substitutions or to very small (a few base pair) addition/deletions 8 . Although some examples of large-scale mtDNA size differences among related vertebrates are known, mtDNA genome size within most assayed species has proved to be very stable 7 . Second, individual organisms usually appear homoplasmic; that is, they contain predominantly if not exclusively a single mtDNA genotype 3 .
In this study, we report exceptions to both of these generalizations of mtDNA polymorphism. During the course of population genetic surveys of mtDNA in various species of frogs and fishes, we have uncovered several examples of: 1) macrovariation in the size of the mtDNA molecule (i.e., on the order of several hundred base pairs) among conspecifics, including members of local demes; and 2) heteroplasmy, in which at least two mtDNA genomes differing greatly in size coexist within an individual. Here we document these observations, comment on their frequencies of occurrence, and consider whether large-scale mtDNA size variation and heteroplasmy may be more prevalent in some groups of animals than in others.
Materials and Methods
Data will be presented for three species: the fish Amia calva (bowfin; Amiiformes, Amiidae) and the frogs Hyla cinerea (green treefrog; Anura, Hylidae), and Hyla gratiosa (barking treefrog). The bowfin were collected from 13 drainages in the southeastern United States, extending from the Santee-Cooper River in South Carolina to the Mississippi River. The treefrogs were collected from a series of adjacent catfish ponds near Auburn, Alabama. Totals of 52 bowfin and 305 treefrogs were assayed for mtDNA.
For each individual, mtDNA was isolated from fresh tissue (bowfin: heart; treefrog: heart, liver, muscle) by CsCI gradient centrifugation as described by Lansman et al.' 8 .
Restriction endonuclease digestions of purified mtDNA were carried out generally under conditions recommended by the vendor (New England Biolabs). Restriction fragments were end-labeled using Klenow and 32 P-adNTP5 and, following electrophoresis through 0.6 percent agarose gels, revealed by autoradiography' 9 . Fragment sizes were compared against the 1-kilobase ladder standard available from Bethesda Research Labs.
Results

Amia calva (bowfin)
In our surveys, mtDNA size variation and heteroplasmy were evidenced by concordant patterns of differences in digestion profiles produced by separate restriction endonucleases. For example, the mtDNA of bowfin "a" in Figure 1 exhibited an Xbal fragment that was about 500 base pairs (bp) smaller than its homologue in individual "b" (other fragments in their Xbal digestions appeared identical in size). In digestions with other enzymes (such as Aval and Pvull, Figure 1 ), the mtDNA of "a" consistently showed a digestion profile of same magnitude smaller size. Similarly, individual "c" was detectably heteroplasmic for two size classes of mtDNA, one of which was approximately 450 bp larger than the other. Because of the effective redundancy of information presented by separate restriction enzymes, conclusions about size differences and size heteroplasmy are not here confused with technical artifacts such as might result from incomplete restriction digestion.
Additional examples of size polymorphism and heteroplasmy in bowfin mtDNA are shown in Figure 2 . Overall, bowfin mtDNA genomes ranged in size from about 16000-16900 bp, a difference of 900 nucleotide pairs. Maximum mtDNA size difference observed within a river was about 700 bp, and all sampled populations exhibited some large-scale mtDNA size variation. Among the 52 assayed fish, 4 (8 percent) were detectably heteroplasmic under our assay conditions. Each heteroplasmic fish exhibited two mtDNA size classes.
Hyla (treefros)
Patterns of size variation and heteroplasmy in the mtDNAs of Hyla cinerea and H. gratiosa are shown in Figure 3 . Again, the documentation consists of concordant patterns of genome size. change across digestion profiles of separate endonucleases. Additional examples of mtDNA size polymorphism for H. gratiosa are pictured in Figure 4 .
The mtDNA genomes of Hyla cinerea and H. gratiosa are easily distinguished, exhibiting an estimated sequence divergence of more than 18 percentl7. At the Auburn site, these species engage in extensive introgressive hybridization' 4 , 20 . Nonetheless, any frog (whether hybrid or nonhybrid) exhibited either "cinerea-type" or "gratiosa-type" mtDNA, with no evidence of intra-individual mixtures of the two genome patternsl'A. Thus we believe the examples of size poly-
FIGURE
AvaI, Pvull, and XbaI restriction fragment patterns for mtDNA from three specimens of Amia calva. Individuals "a" and "b" appear homoplasmic for mtDNAs differing in size; individual "c" is heteroplasmic for two mtDNA size classes. In the lane to the far right, approximate molecular weights in the standard (which is a I kilobase ladder available from Bethesda Research Labs) are indicated.
FIGURE 2 Aval digests of mtDNA from 12
Amia calva. Individuals in lanes 4, 7, and 9 (from the left) appear heteroplasmic, and the mtDNAs of several other fish differ in size. Molecular weight standard is labeled as in Figure 1 . Individuals were collected from the following rivers: lane 1, Santee-Cooper, South Carolina; lanes 2-4. Savannah, Georgia; lanes 5-7, Satilla, Georgia; lanes 8 and 9, St. Johns, Florida; lanes 10-12, Apalachicola, Florida. In this gel, as in the entire study, proportions of individuals heteroplasmic should be considered minimal estimates for two reasons: 1) differences among fragments similar in molecular weight may have remained undetected under our assay conditions; and 2) low frequency (<10 percent) size variants within the mIDNA pool of an individual would likely have gone undetected. There are obvious stoichiometric differences among mtDNA size classes within some individuals (see lane 4 in this figure). morphism and heteroplasmy reported here are unrelated to the phenomenon of interspecific hybridization for these treefrogs.
Among frogs with H. cinerea-type mtDNA, genome size estimates ranged from 17500-18400 bp; among H. gratiosa-types, from 18000-18900 bp. Two of the 142 frogs (1.4 percent) carrying cinerea mtDNA were detectably heteroplasmic as were 13 of the 163 frogs (8 percent) carrying gratiosa mtDNA. No heteroplasmic frog exhibited more than two mtDNA types.
Characterization of the size variation
For both the bowfin and the treefrogs, it is tempting to speculate that the mtDNA size variation is localized in the D-loop (heavy strand origin of replication) and adjacent nontranscribed regions, areas that are known to harbor between-species macrovariation in mtDNA genome size in other vertebrates 6 7. We have no direct evidence on the absolute position of the additions/deletions in Amia and Hyla, but in both groups the size differences are indeed localized (rather that scattered throughout the genome). Evidence for this conclusion stems from the apparent confinement of size heterogeneity of particular restriction fragments in various digestion profiles (examples in Figures 1-4) . In the bowfin, among digestion profiles for 17 enzymes, the tightest bracketings of the variable-size region are accomplished by two Hindill sites and two HincII sites, both located about 3000 bp apart. Furthermore, no restriction sites were observed within the variable-size area. For example, the digestion profile for Mbol (recognition site GATC) consists of numerous (>11) fragments smaller than 1500 bp, plus one larger fragment (-3000 bp) that exhibits the variation in size.
In Hyla, the size variation and heteroplasmy also appear localized to one region of the mtDN A genome. Among assays with five endonucleases, the tightest observed bracketing of the variable-size region was accomplished by two Stul sites (in H. cinerea) located about 4900 bp apart.
It seems likely (though not proven) that the mtDNA size differences in Amia and Hyla represent products of individually large addition/deletion events. However, with our data we cannot exclude the possibility that independent (but localized) small-size variations arise and accumulate very rapidly, and that the larger differences in mtDNA genome size observed (e.g., within heteroplasmic individuals) are due to loss (extinction) of molecules intermediate in size. 
-IGURE 3 Selected restriction fragment profiles for mtDNA of Hyla gratiosa (A) and H. cinerea (B)
. n each species, individuals "a" and "b" appear homoplasmic for mtDNAs differing in size, and ndividual "c" is heteroplasmic for two mtDNA size classes. In the Stul digests for H. gralosa (A), frogs 'b" and "c" also differ from frog "a" by addition of a restriction site that cleaves the 5.7 kilobase fragment into fragments of length 3.0 and 2.7 kilobases. Molecular weight standards are labeled as in Figure . 
Discussion
Prerequisite to an understanding of mtDNA evolution is an adequate description of the kinds of genetic differences that exist and their relative frequencies of occurrence. Here we have documented examples of two molecular aspects of mtDNA polymorphism for which there is limited empirical precedent in higher animals: large-scale intraspecific size variation, and individual heteroplasmy.
Intraspecific macrovariation in mtDNA size
In higher animals as diverse as mammals, frogs, sea urchins, and insects, mtDNA genome size ranges from 15700 to about 20000 bp 7 . It is generally unknown whether these size differences represent long-term accumulated effects of numerous small (a few bp) addition/deletions, or alternatively whether they can arise through larger, discontinuous changes in genome size. From direct sequencing and fine-scale mapping techniques, microvariations in mtDNA size are known. Perhaps the best example involves human mtDNA, where 14 observed length variants in 112 individuals were due to additions or deletions each about 6-14 bp in length s . Size changes of I and 2 bp also have been reported in human mtDNA'.
On the other hand, large-scale differences in mtDNA size (e.g., hundreds of bp) are known to occur between representatives of some closely related species. Such interspecific macrovariations in mtDNA size have been noted among Drosophila fruitflies", Cnemidophorus lizards 25 , and Hyla treefrogs1 7 . Gorilla mtDNA differs from that of other higher primates by a 95 bp deletion t 3 . Intraspecific macrovariations in mtDNA size have been observed in several insect species'2l.
23
. 24 , and in a few vertebrates (Cnemidophorus lizards 7 ' 0 and Rana frogs 21 ).
The finding of large-scale size variation within Amia calv, Hyla cinerea, and H. gratiosa is thus noteworthy. While our observations do not allow final conclusions about the mechanistic basis of changes in mtDNA genome size (e.g., rapid accumulation of individually small addition/deletions and saltational larger-size changes are both consistent with our data; sequencing or fine-scale mapping will be required to decide between these competing hypotheses), they nonetheless illustrate that large differences in mtDNA genome size can arise over a relatively short evolutionary time.
Individual heteroplasmy
There have been fewer well-documented reports of mtDNA heteroplasmy in higher animals. Small-size heteroplasmy (1-10 bp) has been reported in cattle . Large-scale heteroplasmies (involving up to several hundred bp) have been found in the mtDNAs of Drosophila mauriiana 2 4 , in two species of
Gryllus crickets' 5 , in two species of Cnemidophorus lizardsl, and in Rana esculenta frogs 2t . Our findings for Amia calva, Hyla cinerea, and H. gratiosa thus provide some of the few direct documentations of mtDNA heteroplasmy in higher animals.
Given the great preponderance of mtDNA base substitution over addition/deletion changes in mtDNA evolution, it is surprising that for most of the species in which mtDNA heteroplasmy has been observed, large-scale size differences were involved. One possible explanation for this bias is the kind of technical information required to document heteroplasmy. Large-scale size polymorphisms alter simultaneously the digestion profiles for all endonucleases (indeed, such concordant alterations immediately signal an alert to size differences). In contrast, base substitutions affect only particular restriction sites. In routine population surveys, since the gel patterns for restriction site heteroplasmy are often difficult to distinguish from those expected for incomplete digests (see discussions in Avise et al. 2 and Avise and Lansman 3 ), many true cases of restriction-site heteroplasmy may have remained unreported. If this suggestion is correct, more detailed molecular characterizations of mtDNA should eventually result in the documentation of a somewhat higher frequency of restrictionsite heteroplasmy than is currently recognized. This in turn would be of significance to the development of evolutionary models for mtDNA, a prime concern of which has been to understand the transitory heteroplasmic phase whereby intraindividual mtDNA polymorphisms are converted to interindividual differences 4 ' 9 . We have some evidence against the possibility that the intraindividual mtDNA size polymorphisms in Amia and Hyla represent long-term evolutionary retentions of heteroplasmic states within particular lineages. If the mtDNA size classes are ancient and have evolved independently after separation (i.e., no gene conversion, recombination), they should have accumulated considerable sequence differences. Yet the various size classes within each species often exhibit identical restriction-site patterns (Figures 1-4) .
Phylogenetic distribution of mtDNA size macrovariation
Despite the greater volume of data available for mammalian mtDNA, most of the known examples of large-scale, within-species size polymorphism and heteroplasmy of mtDNA occur elsewhere-in insects, fishes, frogs, lizards. These also are the animal groups for which larger between-species differences in mtDNA genome size are known. Indeed, the range of mtDNA size observed here within Amia calva, Hyla cinerea, and H. gratiosa is about as large as the maximum mtDNA size difference between any surveyed mammalian species (including rabbits, rodents, and primates 7 ) , or between any surveyed birds (including waterfowl, sparrows, and warblersl7). These results suggest that mtDNA size macrovariation and heteroplasmy may be more prevalent in the lower vertebrates (and invertebrates) than in mammals and birds. Much additional data will be needed to verify this possibility. Although we have emphasized examples of mtDNA macrosize polymorphism in this paper, it would be misleading to imply that this phenomenon is ubiquitous in species of lower vertebrates. For example, using similar restriction enzyme techniques, we have surveyed several species of teleost fish without noting any comparable instances of intraspecific mtDNA size variation 2 , 3A. Even within Amia and Hyla, most (90 percent) of the individuals appear to be homoplasmic. Thus our findings should not be interpreted as a complete overthrow of previous generalizations about the major features of mtDNA evolution.
sequence evidence for rapid genotypic shifts in the bovine mitochondrial D-loop. 
